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Introduction
Zircon represents an attractive mineral for dating by means of the thermoluminescence (TL) method. The important property of zircon is the presence of high concentrations of radioactive U and Th resulting in high internal irradiation doses and high TL yield [1] . Experimentally, zircon exhibits a TL signal with a rather complicated spectral distribution, as well as a complex fading behavior. To understand these peculiarities and to use zircon for dating purposes one needs a kinetic model of TL. We believe that computer simulation of the relevant processes related to TL will allow us to avoid pitfalls when developing TL dating protocols for zircon. In this report a set of rate equations describing the charge transfer between non-radiative and radiative traps is formulated.
The TL model
The TL model is based on well-known ideas concerning TL in materials (see for example [2, 3] ). Irradiation (from external or internal sources) generates free defects -electron and holes -in the electron system, which participate in the following processes: (i) trapping by luminescent centers centers, background centers (Bgr) are introduced into the model in order to account for the broad emission TL intensity distributed over the spectral range from 300 to 500 nm at low temperatures (Fig. 5 ). Since the nature of the Bgr centers is uncertain, for the sake of simplicity below we assume that some kind(s) of hole-type TL centers produces this broadband TL signal. The other centers, denoted by N and M, are assumed to be non-radiative and capture electrons or holes, respectively, during the excitation stage (irradiation) and release them during fading, annealing or TL heating. Below the rate equations, describing the charge transfer shown in Fig. 1 , are presented. Concentration of free electrons exited into the conduction band:
Concentration of free holes in the valence band:
Concentrations of occupied non-radiative electron trapping centers (levels N i ): 
Concentrations of occupied radiative (levels Dy, Tb and Bgr) and non-radiative hole trapping centers (levels M k ) are described by the equation similar to Eq. (3),
Here, the subscript k refer to Tb ðk ¼ 1Þ, Dy ðk ¼ 2Þ, Bgr ðk ¼ 3Þ and non-radiative centers (k ¼ 4; . . . ; kpÞ. All concentrations are defined in terms of atomic fractions. The nomenclature is similar to that commonly used in the literature: n and m refer to electrons and holes, respectively. m
Þ is the hole detrapping rate; s e;p are the frequency factors for trapped electrons and holes, respectively; K is the production rate of electron-hole pairs per lattice site (ionization rate). The rate coefficients for trapping and recombination, a, A N , A m , B M and B n , are assumed to be temperature independent.
The total luminescent intensity during the TL experiment, Iðt; kÞ, can be expressed in terms of: (i) the contributions from active LC, which are defined as the rate at which photons appear per lattice site i.e. as the recombination rate of electrons with holes trapped at corresponding LC:
Results of numerical simulations
The set of material parameters used in the simulations are presented in Table 1 and Fig. 2 . The parameters of the traps and LC were varied to obtain a good fit to the experimental data on TL fading in the samples from the Trail Ridge deposit (Florida, USA), which had been exposed to c irradiation [5] . for holes. The components of the emission spectra U i ðkÞ have been deduced from the experimental data in [5, 6] and then approximated by analytical expressions. The continuous distributions of the energy levels of the non-radiative electron and hole traps (Fig. 2) were replaced by discrete levels. The resulting stiff set of about 200 ordinary differential equations was solved numerically. Below we present the results of a simulation of a room-temperature laboratory irradiation of the annealed sample. The distribution function of occupied electron traps exhibits a peak (Fig. 2) , which contributes to the luminescence at temperatures in the range from 100 to 200°C. After the simulation of the laboratory irradiation the fading process during 1000 days was simulated. A considerable redistribution of electrons and holes between the traps is observed (Figs. 2 and 3) . After the fading simulation the sample was investigated by modeling the TL experiment. Figs. 4 and 5 compare our simulation results with the real TL experimental data for the Trail Ridge samples.
The ultimate goal of our zircon studies is to develop a TL dating technique. It is not clear yet what treatment should be given to the sample after it has been exposed to the laboratory added dose in order to determine the equivalent dose [1] . There exists an opinion that prior to the dating measurements one should remove, by preheating, the Dy 4þ peaks, which are typical for laboratory irradiation. In Fig. 6 dating curves are presented for faded and preheated samples. During the simulations the samples were 'irradiated' with a natural dose rate for 10 4 years, after this the sample was subjected to a laboratory 'irradiation' up to 19.2 h, which is equivalent to 4 Â 10 4 years of natural irradiation (see Table 1 ). Then the TL signal was recorded immediately after the irradiation runs and after fading and preheating. It is seen that the post-irradiation treatment removes some part of the TL signal, which is a measure for the damage accumulated in the system during irradiation. Fig. 6 reveals that it might be possible to imitate the long-term natural irradiation by a combination of high dose rate laboratory irradiation plus a subsequent preheat at some moderate temperature. Detailed simulation studies might even lead to the conclusion, that reliable dating can be done on the basis of the luminescence properties of just the Tb-defects. For this purpose it is necessary to design special treatments (lab irradiation plus preheating or fading) with the help of computer simulations on the basis of the proposed multi-defect model. 
Conclusions
• A model is presented for the description of the TL behavior of irradiated zircon.
• The main assumption of the model is that Dy 3þ ions are shallow traps for holes (as compared to Tb 3þ ions). The model requires rather high concentrations of shallow electron and hole traps to be able to explain the intense TL peaks due to Dy 4þ after laboratory irradiation.
• The material parameters used in this communication allow us to reproduce the experimental glow curves after laboratory irradiation followed by fading up to 2 years.
• The model can be used for the investigations of different scenarios for the dating procedure, in- cluding laboratory added irradiation, fading and preheat.
• Our results show that there exist excellent possibilities to develop an effective protocol to determine the equivalent dose, which is a necessary condition to carry out luminescence dating experiments using zircon as a working material.
